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ABSTRACT 
 
An empirical viscosity correlation for n-Hexadecane has been developed. This correlation is intended to improve an earlier 
correlation based on the Hard-Sphere theory (Assael et al., 1992). The representation in this study has been obtained by 
making use of a large body of experimental data which were critically and extensively analyzed. Out of the 54 datasets 
gathered, only 29 were selected as primary data based on the measurement technique used and the extent of agreement with 
other highly accurate data sets. These primary data were then used to develop an equation which consists of two contributions: 
the zero-density limit and the higher density term of the residual viscosity. The zero density contribution was obtained by 
fitting to a modified equation of Vogel (1995) while the higher density term was expressed using the customary practice of 
power series expansion in density and the reciprocal reduced temperature.  
 
In the evaluation of the viscosity equation, a highly accurate equation of state is usually required to convert the independent 
variables (T, P) used for the experimental data, into the independent variables (T, 𝜌) of the viscosity equation. Thus, for this 
purpose, the density correlation for hexadecane proposed by Outcalt et al. (2010) was used.  
 
Based on the primary data sets used for the fitting, the new correlation covers a temperature range 551 to 724 K in the gaseous 
phase and 293 to 603 K in the liquid phase for pressures up to 205 MPa (or 830 kg/m
3
 in density). The overall representation 
reproduces the viscosity to within the uncertainty of the best experimental data. The primary data show a good fitting with a 
maximum absolute deviation (MAD) of 3% and an average absolute deviation (AAD) of 2%. With the secondary data meant 
for comparison only, higher deviations were seen with an MAD and AAD of about 19% and 15% respectively. Also, the 
correlation shows a smooth interpolation in the two-phase region as well as a good extrapolation up to 1000K in temperature 
and 1250 kg/m
3
 in density. 
 
 
1. INTRODUCTION AND BACKGROUND 
 
The knowledge of the viscosity of a fluid is vital in many areas of science and technology. It is a well-defined property that 
governs the flow of fluids. In the petroleum industry, the viscosity values of reservoir fluids are heavily relied on for reservoir 
characterization, enhanced oil recovery, oil well testing calculations, as well as during the design of pipelines, production 
equipment and pump ratings (Isehunwa et al., 2006). Hence, the modeling and optimization of such processes would be 
greatly aided by predicting accurately and reliably, the viscosity of crude oils and their mixtures especially at high 
temperatures and pressures (HTHP).  
 
The majority of hydrocarbons found on earth occur naturally in crude oil. These hydrocarbon molecules could exist as either a 
pure component or as mixtures. Alkanes, cycloalkanes, aromatics and the aliphatics are the four main compositions of 
hydrocarbons and their percentage content by weight varies from oil to oil. On average, the alkanes make up (30%), 
cycloalkanes (49%), aromatics (15%) and the aliphatics (6%) (Hynes, 2001). This reveals that the alkanes constitute a major 
fraction of crude oil, thus it is useful to be able to predict their viscosities as accurately as possible. Experimental viscosity 
measurements for pure alkanes are generally in abundance; however, the wide range of possible fluids and of conditions of 
interest precludes obtaining the relevant data by experimental means alone (Vesovic, 2007). Therefore, there has been a clear 
need and an increasing demand for correlations that can be used to estimate the viscosity of pure species whose accuracy is 
desired as it is prudent to make use of them when predicting the viscosity of mixtures (Ijaz, 2011).  
 
In the literature at present, there are various methods available for estimating and predicting the viscosity of pure components 
and their mixtures. They are categorized as semi-theoretical or empirical methods and further distinguished as predictive or 
Imperial College 
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correlative (Mehrotra et al., 1996). For lighter components alkanes, correlations which are accurate and internally consistent 
have been developed including those of methane (Vogel et al., 2000), ethane (Hendl et al., 1994), propane (Vogel et al., 1998), 
however for the heavier components, this is not the case. 
 
n-Hexadecane, also known as cetane is a liquid alkane and falls under the category of heavier component alkanes. It forms an 
important component of diesel fuels, kerosene and jet fuels which are some of the by-products of crude oil processing. Also 
important, is the use of hexadecane as a measure of the detonation of diesel fuel and because it ignites easily under 
compression, it serves as a reference for other fuel mixtures. In addition, it is also known to have good stability and 
hygroscopic properties (Hardy, 1958). In view of this, it is pertinent that the viscosity of n-hexadecane is accurately 
determined and more desirably for a wide range of thermodynamic conditions. 
 
To the best of our knowledge, the only semi-empirical scheme available for the estimation and prediction of n-hexadecane 
viscosity is based on a theory known as the Hard-Sphere theory (Enskog, 1992). Using a modification of this theory along with 
experimental data, Assael et al. (1992) correlated and predicted the transport coefficients of dense fluids specifically for n-
alkanes. A major limitation of this scheme however, is that only one data set (Dymond et al., 1980) for n-hexadecane was used 
in the development of the correlation. With this single data, deviations from the scheme were found to be between 5 – 10 %. 
However, since the development of this scheme, new viscosity measurements for hexadecane have been made and comparing 
the results of the scheme with these new measurements reveal deviations greater than 10%. These deviations are undesirable 
since they are greater than 3%, the maximum uncertainty ascribed to viscosity to be adequate for many engineering purposes 
(Hendl et al., 1994).  
 
Hence, the objective of this paper is to provide a new viscosity correlation for hexadecane as an improvement over that of the 
hard-sphere scheme. This would be achieved by:  
 
(i) Creating a database for a large body of experimental data for n-hexadecane. 
(ii) Providing a critical assessment of the accuracy of the data sets and classifying them as either primary data 
(highly accurate data) or secondary data (less accurate data). 
(iii) Using the primary data sets to develop an accurate, reliable and internally consistent empirical viscosity 
correlation for n-hexadecane as a function of temperature (T) and density (𝜌).  
(iv) Providing a critical evaluation of the secondary data by observing their inconsistency with the primary data. 
 
 
2. METHODOLOGY 
 
The most accurate description of a transport property surface is determined from a thorough critical evaluation of abundant 
data preferably obtained with a variety of techniques, using independently obtained samples and from several laboratories 
(Millat et al., 2005). Hence, a survey of the literature for hexadecane experimental data was carried out using a computer 
database known as the National Chemical Database Service (NCDS) (2013) as the main source and the Web of Knowledge 
(2013) as the secondary source. To the best of our knowledge, the experimental viscosity data were gathered and found to 
contain information about (i) the measurement technique used to obtain the viscosity, (ii) the pressure (p) and temperature (T) 
ranges (iii) the phase of the fluid (either gaseous or liquid) and, (iv) the experimental density (where available). A detailed 
compilation for the hexadecane data used in this study is presented in Table C-1, with a total of 54 data sets and 1436 data 
points. A summary of same can be seen in Table 3. 
 
The correlation of the viscosity is based on the residual viscosity (Millat et al., 2005). For both fundamental, physical reasons 
and practical purposes, the total viscosity of a fluid 𝜂 (𝜌, T) may be expressed as a sum of three independent contributions  
Eq.(1) (Vesovic et al., 1990). 
 
𝜂(𝜌, 𝑇)= 𝜂0(T )+ ∆𝜂(𝜌,T )+ ∆𝜂𝑐(𝜌, 𝑇) ( 1 ) 
where 𝜂0(𝑇) is the viscosity in the limit of zero-density where only two body molecular interactions occur, the term 
∆𝜂𝑐 (𝜌, 𝑇), is the critical enhancement which arises from the long-range fluctuations that occur in a fluid near its critical point. 
Finally, the term, ∆𝜂 (𝜌, 𝑇), the excess or residual viscosity accounts for the contribution of all other effects to the viscosity at 
elevated densities. The sum of the first two terms in Eq.(1) gives a resulting quantity called the background viscosity, ?̅? (𝜌, 𝑇) 
as shown in Eq.(2) 
 
𝜂 (𝜌, 𝑇) = ?̅? (𝜌, 𝑇) + ∆𝜂𝑐 (𝜌, 𝑇) ( 2 ) 
However, with the development of the Rainwater-Friend theory (Friend and Rainwater, 1984), it became possible to establish 
the linear-in-density term, 𝜂1 (𝑇)𝜌  for moderately dense gases. Therefore, according to Vogel et al. (1998), the excess 
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viscosity term, ∆𝜂 (𝜌, 𝑇) is further split into the linear-in-density term, 𝜂1(𝑇)𝜌 and a higher density term, ∆𝜂ℎ (𝜌, 𝑇) resulting 
in the overall representation of the viscosity surface of a fluid as Eq.(3). 
 
𝜂 (𝜌, 𝑇) =  𝜂0 (𝑇) + 𝜂1(𝑇)𝜌 + ∆𝜂ℎ (𝜌, 𝑇) + ∆𝜂𝑐 (𝜌, 𝑇) ( 3 ) 
In this study, due to the absence of data to correlate the linear-in-density term,  𝜂1(𝑇)𝜌 and the critical enhancement 
term, ∆𝜂𝑐 (𝜌, 𝑇), the viscosity representation Eq.(4) would be used comprising only of the zero-density limit viscosity term to 
represent the dilute gas region and the higher density term to represent the dense liquid region. In subsequent sections and 
using the primary data sets, each term will be treated separately which when combined gives the global correlation for the 
viscosity of n-hexadecane. Unless otherwise stated, throughout this work, the units of the viscosity ( 𝜂), temperature ( 𝑇), 
density (𝜌) and pressure (𝑝) are mPa.s, Kelvin (K), kg/m3 and MPa respectively.  
 
𝜂 (𝜌, 𝑇) =  𝜂0 (𝑇) + ∆𝜂ℎ (𝜌, 𝑇) ( 4 ) 
 
2.1 The Zero - density Limit Viscosity Correlation 
Two experimental viscosity data, Zhdanov and Lyusternik (1971) and Liessmann et al. (1995) were found in the dilute gas 
region. However, only the experimental data of Zhdanov and Lyusternik (1971) was considered as primary data while those of 
Liessmann et al. (1995) were taken as secondary data because their data was smoothed data. The data of Zhdanov and 
Lyusternik (1971) consists of five data points measured between temperatures 551-724 K with an experimental accuracy of 
1.3% as quoted by Huber et al. (2004). However, only four of these points were used to develop the zero-density correlation 
because an outlier corresponding to the point (673 K, 0.05 MPa, 0.009248 mPa.s) was observed when the measured viscosity 
was plotted against temperature.  
 
The viscosity in the zero-density limit is not directly experimentally accessible but can be obtained by extrapolation of the 
results of low-density gas measurements (Vogel, 1995). Due to the limited experimental data available in the dilute gas region, 
predictive methods for correlating the zero-density term were employed for this study. Essentially, the zero-density viscosity 
coefficients have been related to estimation techniques which are based on either the well-established Chapman-Enskog 
kinetic theory or on the law of corresponding states (Poling et al., 2001). Recommended by Reid et al. (1987) are two of such 
techniques: (i) Chung et al. (1988) and (ii) Lucas (1980 & 1984); which were applied in this work. Also applied, is a recent 
technique proposed by Riesco and Vesovic (2012) which is also based on the Chapman-Enskog theory. 
 
 
 
 
 
 
 
Following the application of the aforementioned techniques, the deviations of the zero-density viscosity from the experimental 
data are shown in Figure 1. As illustrated, the maximum absolute deviation observed using the method of Chung et al. (1988), 
Lucas (1980 & 1984) and Riesco & Vesovic (2012) are 13%, 6.4% and 8.4% respectively which all fall above the 1.3% 
experimental accuracy of the data. In addition, a strong temperature trend is revealed using each technique thus giving an 
indication that the temperature dependence of the zero-density limit viscosity is not well represented. As a result of these 
observations, to correlate the zero-density limit viscosity an empirical approach was adopted for this study. Using a modified 
form of Vogel (1995) correlation, Eq.(5) was used to fit the zero-density viscosity using the step-wise nonlinear least-squares 
(nls) technique in “R” statistical software.  
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Figure 1: Deviations of Zhdanov and Lyusternik (1971) experimental 
viscosities from the viscosities estimated using the methods of (i) Lucas 
(1980 & 1984) (ii) Chung et al. (1988) and (iii) Riesco & Vesovic (2012)  
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𝜂0(𝑇)=√𝑇𝑟  exp (A+
B
𝑇𝑟
) ( 5 ) 
where 𝑇𝑟 is the reduced temperature defined as  
 
𝑇𝑟=
𝑇
𝑇𝑐
 ( 6 ) 
where 𝑇𝑐 is the critical temperature = 722.1 K for hexadecane (Lemmon and Goodwin (2000)) 
 
The fitted parameters A and B of Eq.(5) are summarized in Table 1 below: 
 
 
Table 1: Parameters of the zero-density limit correlation 
Parameters Values 
A -3.6929 
B -0.8386 
 
 
 
2.2 The Estimation of Hexadecane Density  
Most measurements of viscosity are made at their corresponding temperatures and pressures. However, it is the temperature 
and density that are the fundamental state variables (Millat et al., 2005). In order to correlate the viscosity against the density, 
it is necessary to convert any experimental data from the experimental (p, T) space to (𝜌, T) space. This conversion is done 
using a single equation of state (EOS). At high densities, the viscosity is known to become a strong function of density and as 
revealed by Assael et al. (1992) hard-sphere scheme, 1% deviation in density results in roughly 15% deviation in viscosity 
(Ciotta, 2010). Therefore, it can be deduced that to reproduce the highly accurate viscosity data within the generally accepted 
±3% accuracy, the density must be known with an uncertainty better than 0.2%.  
 
To the best of our knowledge, two correlations based on the Tait Equation of State (EOS) are available in the literature to 
calculate the density of n-hexadecane. They include a method proposed by (Assael et al., 1994) for n-alkane liquid densities 
and another method developed by Outcalt et al. (2010) for hexadecane Eq.(8). Comparing the deviations of both methods with 
the experimental densities of few data sets of known and high accuracy, both methods gave appreciable good results within the 
expected uncertainty. However, the correlation of Outcalt et al. (2010) revealed better results with a recent data measured by 
Ciotta (2010). Hence, the Outcalt method was employed for this study. An exception was made however to only one data:  
Dymond and Young (1980) which was measured at saturation pressure. This is because the saturation pressure of this data was 
not reported and hence the Outcalt et al. (2010) correlation could not be used to calculate their density in which case we had to 
use their experimental values. The Outcalt et al. (2010) density correlations for both ambient and higher pressures are given in 
Eq.(7) and Eq.(8) respectively 
 
(𝜌/{kg/m3})= 𝛽1 ∗ 𝛽2
−(1+(1−
𝑇(𝐾)
𝛽3
)
𝛽4
)
 
( 7 ) 
 
𝜌 (𝑇, 𝜌) =
𝜌ref ( 𝑇, pref ) 
1-C ln ( 
p +B (𝑇)
p
ref
+B (𝑇) )
 ( 8 ) 
 
where 𝜌ref (T, pref) is the temperature-dependent density obtained at reference pressure pref = 0.083Mpa from Eq.(7). The 
temperature dependence of the Tait parameter B (𝑇) in Eq.(8) is expressed by a quadratic polynomial of the form: 
 
(B (𝑇)/{MPa})=D1+D2𝑇𝑟+D3𝑇𝑟
2 with Tr defined as 
( 9 ) 
 
𝑇𝑟 = 𝑇/273.15 K ( 10 ) 
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2.3 Screening Procedure and Primary Data sets 
A prerequisite to the development of an empirical correlation is the recognition that not all experimental values are of equal 
accuracy. Therefore, in principle, it is always necessary to provide a critical assessment of the consistency and accuracy of 
experimental data which result in an objective division of the best values into primary and secondary data.  The primary data 
are the highly accurate data used to develop the correlation while the secondary data are used for comparison and validation 
purposes only. To qualify as primary data, the instrument used to measure the data must be of high precision with a full 
working equation and one that exploits detailed knowledge of any correction factor (Ijaz, 2011). Also, the primary data should 
be characterized by a low defined uncertainty and a proven compatibility with data obtained from others methods or at least in 
other instruments (Hellmann et al., 2011). These instruments include the oscillating-disk, capillary-flow and vibrating-wire 
viscometers (Vogel et al., 2000).  
 
On the other hand, data measured with falling-cylinder, rolling-ball, and oscillating quartz-crystal viscometers are classified as 
secondary data (Vogel et al., 2000). These instruments are known to lack a complete set of working equations or require 
empirical correction factors (Ijaz, 2011).  
 
With the abundance of data available in the dense liquid region, a first screening of all the data sets was performed using the 
Assael et al. (1992) hard-sphere scheme as reference. The relative deviations of each data from the scheme were obtained, and 
with an error threshold of 3%, the agreement between the different authors observed. Based on this, a selection of four 
preliminary primary data sets was achieved which included the data of:  Matthews et al. (1987), Ciotta (2010), Dymond et al. 
(1980) and Tanaka et al. (1991). These data sets were measured with primary instruments except the data by Dymond et al. 
(1980) which was measured using the falling body viscometer. However, this data was included in the correlation because it 
showed a strong agreement with the other authors, and also, helped to extend the pressure range of the correlation (Vesovic et 
al., 1990). Further in the analysis, an outlier corresponding to the data point (323.21 K, 102.81 Mpa, 5.08 mPa.s) was 
identified in data of Ciotta (2010), and thus had to be excluded from the final fitting. 
 
After obtaining an initial correlation with the four preliminary primary data sets, a final screening was performed. This led to a 
stable selection of more primary data on which the final correlation was developed. The selection was based on the following: 
 
(i) Deviations that were ≤ ±3%. 
(ii) Exclusion of data measured with a rolling balling viscometer. 
(iii) Exclusion of data for which we could not identify the experiment technique except they showed a strong 
agreement with the preliminary data sets and further helped to extend the temperature range.  
 
 
2.4 The Higher Density Viscosity Correlation 
With the densities calculated for all data measured in the liquid phase, the viscosity correlations for the higher density terms 
were obtained. There is known to be very little theoretical guidance for the functional form of  ∆𝜂ℎ (𝜌, 𝑇) but it is customary 
to express the higher density terms of the excess viscosity by a power series expansion in the density and in the reciprocal 
reduced temperature Eq.(11) (Vogel et al., 1998) (Millat et al., 2005). In this study, the reduced density ( 𝜌𝑟) has been used in 
place of the density (𝜌). 
 
∆𝜂ℎ (𝜌, 𝑇) = ∑ ∑ 𝑒𝑖𝑗
m
j=0
n
i=1
 𝜌𝑟
𝑖
𝑇𝑟
𝑗
 ( 11 ) 
where the reduced temperature ( 𝑇𝑟) is again defined as Eq.(6) and the reduced density (𝜌𝑟) defined as 
 
 𝜌𝑟 = 𝜌/𝜌𝑐  ( 12 ) 
The critical density, 𝜌𝑐 for hexadecane = 219 kg/m
3
 (Ambrose and Tsonopoulos, 1995)  
 
In the representation of the transport properties of fluids, it is desirable to develop a correlation that not only reproduces the 
experimental data within the expected accuracy but also helps to fill in the gaps for thermodynamic states where no 
experimental results exist or for properties where measurements have not been performed (Millat et al. 2005). Hence for this 
study, we aim to develop a viscosity correlation for hexadecane which shows good interpolation in the two-phase region as 
well as a good extrapolation beyond the region for which we have experimental data. Furthermore, these results are desirable 
as they assist with the application of mixture viscosity methods that rely on the properties of each of the pure species of 
interest.  
 
Using only the four preliminary primary data sets and with all the data equally weighted, the first fitting was performed. 
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Several methods (a) – (d) as highlighted below were attempted using lower powers of densities which ranged from 1 to 7 but 
due to some erratic behaviors observed in their results, they were all discarded. Summarized below were the observations 
made using each method:  
 
Method (a): The polynomial form 
The polynomial form of correlating was obtained Eq.(11) and the MAD observed from the experimental data was 1.9%. 
However, to examine the interpolation and extrapolation potential of the correlation, at a fixed temperature of 298 K, we 
plotted the correlated viscosity against the density ranging from 0 - 1000 kg/m3 and the results revealed negative values of 
viscosity in the two-phase region. 
 
Method (b): The exponential form 
Also attempted, was an exponential form of Eq.(13) which revealed an MAD of 2.62%, however in the two-phase region; the 
viscosities at lower densities were essential zero. 
 
∆𝜂ℎ (𝜌, 𝑇) = 𝑒𝑥𝑝 ∑ ∑ 𝑒𝑖𝑗
m
j=0
n
i=1
 𝜌𝑟
𝑖
𝑇𝑟
𝑗
  
 
 ( 13 ) 
Method (c): The reduced closed-packed density form 
Yet another approach was undertaken using Eq.(14), the reduced closed-packed density equation as proposed by Vogel et al. 
(1998) for the representation of the higher density terms. The fitting was performed by assuming the reduced closed-packed 
density (δ0) as a constant rather than as a temperature-dependent term and this was done to simplify the regression process. 
With the best fit, an MAD of 25.6% was observed which is far above the expected experimental accuracy of ±3%.  
 
∆𝜂ℎ (𝜌, 𝑇) =  ∑ ∑ 𝛼𝑖𝑗
𝑚
𝑗=0
𝑛
𝑖=1
𝛿𝑖
𝜏𝑗
+ 𝑐1𝛿 (
1
𝛿0 − 𝛿
−
1
𝛿0
)  ( 14 ) 
 
Method (d): The polynomial form including interpolated data in the two-phase region 
Due to the difficulties encountered getting a correlation that interpolates reasonably in the two-phase region up to the zero-
density limit, we decided to generate data in the two-phase region to aid the interpolation potential of the polynomial form of 
fitting. This was achieved using only the viscosity data measured by Ciotta (2010) at a temperature 473.54 K, one of the 
highest temperatures measured in the preliminary primary data sets. With the inclusion of the interpolated data, a polynomial 
fitting of Eq.(11) was repeated and the correlation obtained reproduced the experimental data to a maximum deviation of 8.6% 
and also revealed an erratic trend in the viscosity in the two-phase region. 
 
As mentioned, the results obtained from the above correlations were undesirable and thus, we proceeded to carry out further 
analysis of the experimental data. Using Eq.(15) and Eq.(16) we discovered that for a long-chain alkane like hexadecane, the 
viscosity varies strongly with density and temperature and hence it was discovered using Eq.(16) that the power of density, β, 
required to obtain better and desirable results ranged in higher values from 7 to 17.  
 
𝜂= 𝜃𝜌β  ( 15 ) 
 
𝛽 =
𝑙𝑛 (
𝜂
𝜂′)
𝑙𝑛 (
𝜌
𝜌′)
  ( 16 ) 
where 𝜂 and 𝜌 are the higher values of viscosity and density respectively while  𝜂′ and 𝜌′ are the lower values. After 
systematic considerations of alternative structures, the first satisfactory correlation was obtained using the four preliminary 
primary data sets. With the inclusion of more primary data, the final viscosity correlation was then obtained as shown in   
Eq.(17) and the resulting optimal coefficients given in Table 2. 
 
∆𝜂ℎ (𝜌, 𝑇) = ∑ ∑ 𝑒𝑖𝑗
4
𝑗=0
14
𝑖=12
 𝜌𝑟
𝑖
𝑇𝑟
𝑗
 ( 17 ) 
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Table 2: Coefficients for the Higher Density Viscosity correlation  
j 𝐞𝟏𝟐𝐣 𝐞𝟏𝟑𝐣 𝐞𝟏𝟒𝐣 
0 1.25915606 x 10
-3
 -7.31719619 x 10
-4
 1.07873175 x 10
-4
 
1 -2.85299996 x 10
-3
 1.64172709 x 10
-3
 -2.39364160 x 10
-4
 
2 2.50676138 x 10
-3
 -1.43054431 x 10
-3
 2.06515633 x 10
-4
 
3 -9.96559589 x 10
-4
 5.65395765 x 10
-4
 -8.10003547 x 10
-5
 
4 1.50589377 x 10
-4
 -8.51454974 x 10
-5
 1.21365781 x 10
-5
 
 
 
 
3.  RESULTS AND DISCUSSION 
 
Comparisons of the experimental data with the viscosity correlation obtained in this study were carried out using the following 
definitions: 
 
Relative Deviation = 100 x (
Xi
calc − Xi
exp
Xi
exp ) 
( 18 ) 
 
Average Absolute Deviation (AAD) = 100 x 
1
ND
∑ |
Xi
calc − Xi
exp
Xi
exp |
ND
i=1
 ( 19 ) 
 
where “X” could be either the density or viscosity, “i” represents a data point, “calc” is the calculated value from the 
correlation, “exp” is the experimental value and “ND”  is the number of data points. 
 
 
3.1 Viscosity in the limit of zero-density 
The deviations of the zero-density correlation, Eq.(5), from Zhdanov and Lyusternik (1971) primary data are illustrated in 
Figure 2. From the figure, a maximum deviation of 0.9% can be observed with the four data points used for the fitting. 
However, the outlier (T = 673 K) removed from the fitting shows a higher deviation of 5.9%, thus giving further justification 
of its exclusion from the fitting.  
 
Figure 3 shows the deviation of Liessmann et al. (1995) secondary data from the zero-density correlation and high range 
deviations from -60% at the lowest temperature to +22% at the highest temperature are observed. 
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Figure 2: Deviations of the zero-density correlation Eq.(5) 
used in this study from Zhdanov and Lyusternik (1971) 
primary data 
Figure 3: Deviations of the zero-density correlation Eq.(5) 
used in this study from Liessmann et al. (1995) secondary 
data 
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3.2 Analysis of the Calculated Hexadecane density 
The density correlation as proposed by Outcalt et al. (2010) covers a temperature range of 290 – 470 K with pressures up to 50 
MPa, although for this study, the correlation was found to show good extrapolation up to pressures of about 210 MPa. The 
uncertainty ascribed to the correlation for both ambient and higher pressure conditions is ±0.1%. Figure 4 shows the deviations 
of Outcalt’s correlation from the experimental density measured at ambient pressure (0.1 Mpa) for a temperature range (293.15 
– 343.20 K). As shown, the correlation reproduces most of the experimental data within ±0.14% with the exception of the data 
of Mehra (2005) which reveals deviations up to 1.8% which is far above their estimated uncertainty of ±0.02%. This indicates 
that density measurement of Mehra (2005) may be in error. 
 
In Figure 5, the deviations of Outcalt et al. (2010) density correlation from the experimental densities measured at high 
pressure is illustrated with most of the data showing a close agreement of ±0.2%. However, an inconsistency can be observed 
 
 
 
 
 
 
 
 
    
 
 
with a data point measured by Matthew et al. (1987) which shows a higher deviation of about 0.7%.  At pressures beyond 210 
Mpa, four data points (see red circle in Figure 5) as measured by Dymond et al. (1980) show increasing deviations from 0.4% 
to 0.8% and for this reason, these points were excluded from the final fitting of this study. At higher temperatures, up to 
603.15 K, which corresponds to the maximum temperature measured in the dense liquid phase, the accuracy of Outcalt et al. 
(2010) density correlation could not be examined as no density measurements were available at those temperatures.  
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Figure 4: Deviations of Outcalt et al. (2010) density correlation from density 
measured at ambient pressure for a temperature range (293.15 – 343.20 K). For 
most part, the legend indicates the first author’s last name and their publication 
date. 
 
Figure 5: Deviations of Outcalt et al. (2010) density correlation from density 
measured at higher pressure for a temperature range (298.08 – 564.15 K).  
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3.3 The Higher Density Contributions 
The viscosity of n-hexadecane is given by Eq.(4). This is obtained using the coefficients of Table 1 with Eq.(5) for the zero 
density term, η
0
, and using the coefficients of Table 2 with Eq.(17) for the higher density term ∆η
h
. 
 
The deviations of the correlation from the primary data sets measured at ambient pressure and a temperature of 298.15 K are 
shown in Figure 6. A strong agreement within ±1.0% is observed between most of the authors with a few points deviating up 
to 1.4%. However, with the data of Awwad and Allos (1985), a maximum deviation of 2.16% is observed. In Figure 7, the 
deviations of the correlation from the primary data sets measured at higher pressures ranging from 1 - 204.9 Mpa are observed, 
with the data set of Dymond et al. (1980), Tanaka et al. (1991), and Ciotta (2010) showing a general agreement within ±1.5%;  
 
            
         
           
 
 
although with one data point of Ciotta (2010) showing deviation up to 3.0%. In the same figure, at lower pressures and 
temperatures up to 531 K, there is a slight agreement between the data of Ciotta (2010) and that of Matthews et al. (1987) 
within ±1.3%; however, this is not with case with the data of Rastorguev and Keramidi (1972) which shows higher deviations 
up to 3.0% but this data was included to help extend pressure and temperature range of the correlation. At much higher 
temperatures up to 564 K, it is also revealed that data of Matthews et al. (1987) showed deviations up to 3%. These larger 
viscosity deviations at higher temperatures may be partly due to the fact that the density correlation of Outcalt et al. (2010) 
does not extend to such high temperatures. 
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Figure 6: Deviations of the viscosity correlation from primary 
data sets measured at 0.1 MPa and at temperature 298.15 K. 
For most part, the legend indicates the first author’s last name 
and their publication date. 
Figure 7: Deviations of the viscosity correlation from 
primary data sets measured at high pressure (0.1 – 204.9 
Mpa) for a temperature range (298.08 – 564.15 K). The 
legend indicates the first author’s last name and their 
publication date. 
Figure 8: Deviations of the viscosity correlation from primary 
data sets measured at 0.1 MPa for a temperature range (293.15 
– 603.15 K). This includes the data measured at saturation 
pressure. The legend indicates the first author’s last name and 
their publication date. 
Figure 9: Deviations of the viscosity correlation from 
secondary data sets measured at high pressure (0.1 – 245 
Mpa) for a temperature range (303.15 – 413.15 K). The legend 
indicates the first author’s last name and their publication 
date. 
 
10  Development of a Viscosity Correlation for Hexadecane 
Table 3: Comparison of the Empirical correlation and Hard-Sphere correlation with the primary and 
secondary experimental viscosity data for n-hexadecane 
References 
Temp  
(K) 
Pressure 
(MPa) 
No. of 
points 
Hard-Sphere 
scheme 
This work 
AAD 
(%) 
MAD 
(%) 
AAD 
(%) 
MAD 
(%) 
Celda et al., 1987 293.15 0.10 1 5.51 5.51 3.79 3.79 
Masy & Cournil, 1991 293.15 0.10 1 5.51 5.51 3.79 3.79 
Dandekar et al.,1998 293.15 0.10 1 2.89 2.89 1.21 1.21 
Jagannathan et al., 1968 293.15 0.10 1 1.44 1.44 0.21 0.21 
Ratkovics et al., 1974 (st) 293.15 0.10 1 5.51 5.51 3.79 3.79 
Bidlack & Anderson, 1964 298.15 0.10 1 3.84 3.84 1.20 1.20 
Heric & Brewer, 1967 298.15 0.10 1 2.78 2.78 0.16 0.16 
Coursey &  Heric, 1969 298.15 0.10 1 2.84 2.84 0.23 0.23 
Awwad & Allos, 1985 298.15 0.10 1 4.83 4.83 2.16 2.16 
Awwad & Salman, 1986 298.15 0.10 1 2.41 2.41 0.20 0.20 
Awwad et al., 1986 298.15 0.10 1 2.24 2.24 0.36 0.36 
de Lorenzi et al., 1994 298.15 0.10 1 4.04 4.04 1.40 1.40 
Aucejo et al., 1995 298.15 0.10 1 1.75 1.75 0.84 0.84 
Fermeglia & Torriano, 1999 298.15 0.10 1 2.14 2.14 0.45 0.45 
Lal et al., 2000 298.15 0.10 1 3.56 3.56 0.92 0.92 
Awwad & Salman, 1987 298.15 0.10 1 2.41 2.41 0.19 0.19 
Awwad et al., 1988 298.15 0.10 1 2.00 2.00 0.61 0.61 
Mumford & Phillips, 1950 293.15 - 298.15 0.10 2 0.84 1.52 1.43 1.80 
Bak & Amdersen, 1958 293.17 - 303.15 0.10 2 3.49 4.48 1.05 1.28 
Dymond & Young, 1980 298.19 -393.20 SAT 10 4.15 4.71 1.15 1.77 
Wakefield & Marsh, 1987 318.16 - 338.16 0.10 3 2.70 2.85 0.45 0.70 
Wakefield, 1988 303.16 - 308.16 0.10 2 2.62 2.70 0.66 0.71 
Aralaguppi et al., 1991 298.15 - 308.15 0.10 3 5.88 6.84 2.72 3.30 
Nakazawa et al., 1992 304.70 - 353.40 0.10 6 2.70 4.69 1.91 7.30 
Aminabhavi &  Gopalkrishna, 
1994 
298.15 - 313.15 0.10 3 6.91 9.11 3.63 5.48 
Wu et al., 1998 293.15 - 313.15 0.10 4 3.04 3.56 0.23 0.57 
Queimada et al., 2003 293.20 - 343.20 0.10 6 1.19 1.68 1.67 2.04 
Mehra, 2005 298 - 318  0.10 3 2.15 4.14 1.97 2.79 
Dubey & Sharma, 2008 298.15 - 308.15 0.10 3 4.50 5.66 1.38 2.15 
Aguila-Hernandez et al., 2008 293.15 - 363.15 0.10 3 1.44 1.72 1.01 1.47 
Evans, 1938 293.15 - 363.15 0.10 6 2.40 5.01 0.91 1.61 
Nederbragt &  Boelhouwer, 
1947 (Ost) 
298.15 - 518.15 0.10 5 5.68 14.15 0.71 1.27 
Nederbragt & Boelhouwer, 
1947 (Fal) 
298.15 - 518.16 0.10 5 6.37 15.06 0.63 2.08 
Sanin & Melenteva, 1959 294.15 - 373.15 0.10 6 2.43 5.32 2.39 4.30 
Vargaftik, 1972 293.15 - 513.15 0.10 16 5.51 14.91 1.08 8.85 
Ratkovics et al., 1974 (tr) 293 - 343 0.10 6 18.54 22.33 15.18 19.00 
Pugachevich & Khvorov, 1977 303.15 - 373.15 0.10 8 7.01 8.36 3.85 5.30 
Scholz  & Kley, 1981 293.15 - 373.15 0.10 45 5.17 15.35 1.20 7.91 
Annesini et al, 1982 (ap) 293.15 - 523.15 0.10 24 6.41 15.83 0.69 2.53 
Soliman, 1987 293.15 - 343.15 0.10 10 2.51 3.00 0.48 0.76 
Pugachevich et al., 1988 313.15 - 513.15 0.10 10 6.64 14.91 1.17 4.53 
Raikar et al., 1993 298.15 - 308.15 0.10 3 5.62 5.74 2.47 2.78 
(a) Liessmann et al., 1995 303.15 - 603.15 0.10 11 7.49 17.74 0.90 2.38 
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Table 3 Contd. 
 
References 
Temp  
(K) 
Pressure (MPa) 
No. of 
points 
Hard-Sphere 
scheme 
This work 
AAD 
(%) 
MAD 
(%) 
AAD 
(%) 
MAD 
(%) 
(b) Dymond et al., 1980 298.08 - 373.24 0.10 - 204.90 24 3.88 12.24 0.55 2.39 
Ducoulombier et al., 1986 313.15 - 373.15 0.10 - 100.00 24 2.20 8.99 2.35 5.91 
Matthews et al., 1987 325.15 - 564.15 1.44 - 3.45 10 6.43 15.47 1.20 2.93 
Tanaka et al., 1991 298.15 - 348.15 0.10 - 150.50 16 3.33 8.28 0.64 1.38 
Rajagopal et al., 2009 318.15 - 413.15 6.90 - 62.05 54 2.83 5.73 2.49 8.93 
(c) Ciotta, 2010 298.36 - 473.54 1.01 - 100.94 53 4.28 15.03 0.53 3.04 
Rolling & Vogt, 1960 310.92 - 394.26 310.92 - 394.26 23 4.98 10.63 3.85 9.63 
Rastorguev & Keramidi, 1972 335.95 - 531.95 335.95 - 531.95 18 4.11 12.44 1.62 3.05 
Annesini et al., 1982 (hp) 303.15  - 413.15 303.15 - 413.15 54 7.10 21.36 2.80 10.41 
***Bont fonts indicate data used for fitting - Primary Datasets 
 
(Ost) – Ostwald Viscometer  : (Fal) – Falling Needle Viscometer    : (st) – single temperature 
(tr) – temperature range        : (ap) – ambient pressure:                   : (hp) – higher pressure  
 
(a) - Different from that used for the zero density correlation  
(b) - Four data points excluded- data at (348.11 K, 273.1 MPa) and at (373.24 K , 330.1 Mpa; 398.8 Mpa; 425.1 Mpa) 
(c) - One data point excluded (data at 323.21 K,102.81 Mpa)  
 
In Figure 8, between temperatures 293.17 - 338.16 K, there is a close agreement of the data sets within ±2% with only one data 
point by Mehra (2005) showing deviations up to 2.8%. Observing the deviations between temperatures 338.16 - 405.15 K, the 
data of Dymond and Young (1980) measured at saturation pressure shows disagreement with the other datasets, revealing 
deviations 1.3 times theirs. This disagreement may be linked to the fact that unlike the other data sets whose densities were 
obtained using the Outcalt et al. (2010) density correlation, for Dymond and Young (1980), their experimental densities were 
used instead as discussed in Section 2.2. At higher temperatures, the data of Liessmann (1995) and Nederbragt (1947) show a 
seeming disagreement although within ±2.4%. These data sets however were included as primary data to extend the 
temperature range of the correlation as they were found to be within a ±3% agreement with the four initially selected 
preliminary primary data sets. 
 
The performance of the secondary experimental data was also assessed. Figure 9 shows the comparison of the correlation with 
secondary data measured at higher pressures and as observed, there is a close agreement of all the datasets within ±7.5% which 
further justifies their relegation to secondary status.  
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Figure 10: Deviations of the viscosity correlation from secondary data 
sets measured at 0.1 MPa for a temperature range (293 – 523.15 K). The 
legend indicates the first author’s last name and their publication date. 
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In Figure 10, we observe the deviations of the correlation from the secondary data sets measured at ambient pressure. For 
temperatures between 293.15 K and 373.15 K, there is a ±2.1% agreement between data sets including those of Queimada et al 
(2003), Scholz et al. (1981), Evans (1938), Vargaftik (1972), Aguila-Hernandez et al. (2008), Araguppi et al. (1982) and 
Nakazawa et al. (1992). Most of these data sets were not included as primary data because either their experimental techniques 
could not be assessed or they were measured with a secondary type viscometer. Also, these data sets contributed no extension 
to the thermodynamic range of the correlation. Still within this temperature range, larger deviations up to 5.2% were observed 
from the data of Pugachevich and Khvorov (1977) and those of Sanin and Melenteva (1959). In addition, conspicuous 
deviations were seen with the data of Ratkovic et al. (1974), which showed a large inconsistency with the other data sets 
revealing higher deviations up to 19%. Moving to the higher temperatures up to 523.15 K, a strong agreement is shown with 
the data of Scholz et al. (1981), Pugachevich et al. (1988), Vargaftik (1972) and Annesini et al. (1982) with increasing 
deviations up to 2.5% ; however, they were also excluded as primary data for the same reasons as previously explained. 
 
        
       
 
 
 
A summary of all the data sets measured in the liquid phase region are shown in Table 3 including their pressure and 
temperature ranges. The primary data sets used for the fitting are indicated in bold letters while the others are indicated as 
secondary data sets. With the new correlation, it can be observed that the Average Absolute Deviation (AAD) for the primary 
data are better than 2.20% and the Maximum Absolute Deviation (MAD) nowhere greater than 3.05%. For the secondary data 
used for comparison purposes only, the AAD and MAD are much higher with values of 15.2% and 19.0% respectively. A 
comparison of the empirical viscosity correlation developed in this study and that of the hard-sphere correlation developed by 
Assael et al. (1992) is also shown. With the primary data sets for instance, it is clear that lower MADs are revealed with the 
empirical correlation developed in this study while with the hard-sphere correlation, higher MADs are obtained especially at 
higher temperatures (>373 K), with 373 K being the temperature limit of their correlation.  
 
At a fixed temperature of 298.15 K, Figure 11 illustrates the deviations of both the experimental viscosity data and the hard-
sphere correlation from the empirical correlation of this study for densities ranging from 770 – 790 kg/m3. As shown, both 
correlations agree within ±3% which is what we expect the experimental accuracy to be. Also revealed at 0.1 Mpa (770 
kg/m3) conditions, is an under prediction of the experimental data by an average of 3% using the hard-sphere correlation 
(Assael et al. 1992), thus it can be concluded that the new empirical correlation improves slightly their correlation.  
 
A smooth interpolation in the two-phase region as well as good extrapolation up to 1000 K in temperature and 1250 kg/m3 in 
density is revealed by the empirical correlation.  A comparison of the extrapolation potential of the empirical correlation and 
that of the hard-sphere correlation at a temperature of 298.15 K is illustrated in Figure 12. From the figure, it can be seen that 
at a maximum density of about 1030 kg/m
3
, the viscosity as predicted by the hard-sphere correlation starts to decrease with 
density. However, with the empirical correlation, a continuous increase in the viscosity is obtained, which means that an 
improvement over the hard-sphere scheme has further been achieved. 
 
 
4. CONCLUSION 
 
A survey of the available experimental data for the viscosity of n-hexadecane has been performed and a new empirical 
viscosity correlation presented covering  a temperature range 551 to 724 K in the gaseous phase and 293 to 603 K in the liquid 
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Figure 11: Deviations of experimental viscosity data and 
the Hard-Sphere correlation from the empirical correlation 
of this study at 298.15 K 
Figure 12: Comparison of the extrapolation potential of the 
empirical correlation developed in this study with that of the 
Hard-Sphere correlation at a temperature of 298.15 K 
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phase for pressures up to 205 MPa (or 830 kg/m
3
 in density). For this correlation, only the zero-density limit viscosity for the 
dilute gas region and the higher density term for the liquid region were taken into account. The exclusion of the initial density 
dependence was due to the limited number of data available in the gaseous phase and for the case of the critical enhancement 
term, no experimental data was available. 
 
After numerous attempts to obtain the best fit, a final correlation was obtained with an ascribed accuracy of ±0.9% in the 
gaseous phase and ±3% in the liquid phase, which for many engineering purposes is considered adequate. Also, this new 
correlation safely extrapolates up to a temperature of 1000 K and up to a density of 1250 kg/m3 and further shows a smooth 
interpolation in the two-phase region.  
 
 
5. RECOMMENDATIONS 
 
From this study, I hereby recommend the following: 
 
 The need to obtain more accurate measurements in the dilute gas region. This would generally improve the 
representation for hexadecane viscosity as the initial density dependence could be taken into account. 
 
 The “combination of the double polynomials and the reduced close-packed density" technique should be further 
exploited. Although this approach was explored in this work, it was not extensively applied.  
 
 Several attempts were made using the polynomial expansion technique in this study. This made the fitting process 
time consuming as they were done manually in the “R” statistical software. Therefore, I suggest that an improved 
version of this software be developed where in the fitting could be done in a more timely and appreciable manner. 
 
 Finally, more density measurements should be made along with the viscosity measurements. This is to avoid the use 
of an estimation method which would eliminate the introduction of undue uncertainties to the viscosity 
representation.  
 
 
Nomenclature 
 
Symbol Definition   Unit 
 
n  Normal    - 
𝐩  Pressure    MPa 
𝐓  Temperature   K 
𝐓𝐜  Crtical temperature  K 
𝐓𝐫  Reduced temperature  - 
𝐱  Density or Viscosty Data  kg/m3 or mPa.s 
𝐞𝐢𝐣  Coefficients in Eq.(17)  mPa.s 
𝐍𝐃  Number of data points  - 
 
Greek 
𝛒  Density    kg/m3 
𝛒𝐜  Critical density   kg/m
3
 
𝛒𝐫  Reduced density   - 
𝛈  Viscosity   mPa.s 
𝛈𝟎  Zero Density Viscosity  mPa.s 
∆η  Excess or Residual Viscosity mPa.s 
∆η
c
  Crtical enhancement  mPa.s 
∆η
h
  Higher density term  mPa.s 
?̅?  Background viscosity  mPa.s 
𝛈𝟏  Initial density dependence  mPa.s. m
3
/kg 
𝛂𝐢𝐣  Coefficient in Eq. (15)  mPa.s 
𝝉  1- Tbr    - 
𝛅  Reduced density   - 
𝛅𝟎  Reduced close-packed density - 
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𝛃  Density Power   - 
 𝛃𝟏 − 𝛃𝟒 Coefficients in Eq.(7)  - 
  𝛉  Coefficient in Eq.(15)  mPa.s 
Subscript 
𝐢  One data point   kg/m3 or mPa.s  
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APPENDIX A – CRITICAL LITERATURE REVIEWS 
 
 
International Journal of Thermodynamics. 13(2), 269-281 (1992) 
 
Correlation and Prediction of Dense Fluid Transport Coefficients  
 
Authors: M. J Assael, J.H Dymond, M. Papadaki, and P. M. Patterson 
 
Contribution to the development of viscosity correlations of alkanes: 
 Provided anew viscosity correlation that accounts satisfactorily for all alkanes from methane to hexadecane at 
densities greater than the critical density. 
 Provided new equations for the roughness parameters RD, R𝜂 and R𝜆, which were given in terms of the carbon chain 
lengths. 
 New equations were also provided for characteristic volume Vo.  
Objectives of the paper: 
 To use newly measured experimental data to define more closely the reference curves, the characteristic volume, Vo 
and the roughness parameters (Ri) to produce an improved correlation scheme. 
Methodology used: 
 The reduced smooth hard-sphere coefficients were calculated from experiment after substitution of the hard-sphere 
expressions based on (Chandler, 1975) approach. 
  The determination of Vo and the “R” was done by curve-fitting. 
Conclusion reached:  
 The new scheme provides a significantly improved method for the correlation, and accurate (±6%) prediction of 
dense fluid n-alkane transport coefficient data.  
Comments: 
 This scheme is based on a semi-emperical correlation and hence the results can be compared to the empirical 
correlation obtained in this study for hexadecane.  
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International Journal of Thermophysics. 15(1), 155-164 (1994) 
 
An Improved Representation for n-Alkane Liquid Density 
 
Authors: M. J. Assael, J. H Dymond, and D. Exadaktilou 
 
Contribution to the development of viscosity correlations of alkanes: 
 A newly improved density representation for n-alkanes was obtained using the Tait type equation to include methane 
data and recent data of other alkanes which extend the temperature and pressure range up to 500MPa. 
 Extended the newly improved equation to predict the density of a large number of mixtures of n-alkanes. 
Objectives of the paper: 
 To provide an improved representation for the density of n-alkanes covering an extended temperature and pressure 
range 
Methodology used: 
 This method utilized (Cibulka, 1993) correlation for liquid density at atmospheric pressure 
 The Tait expression for density at higher pressures was utilized and improved by modifying the parameter “B” based 
on the new experimental data for the n-alkanes studied  
Conclusion reached:  
 The new equation developed was found to correlate the density of n-alkanes with an AAD of ± 0.10% 
 For the mixtures, the AAD obtained using an extension of the equation was ±0.13% 
Comments: 
The viscosity in this study would be correlated as a function of temperature and density and to calculate the density for 
hexadecane, this newly improved density correlation could be applied. 
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Journal of Physical and Chemical Reference. 27(5), 947-970 (1998) 
 
Reference Correlation of the Viscosity of Propane 
 
Authors: E. Vogel, C. Kuchenmeister, E. Bitch and A. Laesecke 
 
Contribution to the development of viscosity correlations of alkanes: 
 Came up with a new guide for selecting data as either low density data or high density data and considered low 
density data as any data up to 0.1mol L−1.  
 Provided a detailed analysis on the qualification of a data set as either primary data or secondary data. 
 Provided a new viscosity correlation for propane using the residual viscosity concept: the zero density correlation, the 
initial density dependence and the higher density contributions and the results serves as an improvement over the 
existing Younglove and Ely’s correlation for propane.  
Objectives of the paper: 
 To carry out a critical assessment of published experimental data and to come up with a reference viscosity 
correlation for propane. 
Methodology used: 
 The zero density correlation and an initial-density dependence correlation were represented based on the kinetic 
theory of dilute gases based on the modification of Chapman and Enskog and the Rainwater- Friend theory 
respectively.  
 Higher density term was modeled with a combination of double polynomials in reduced density and in reduced 
reciprocal temperature and of a modified Batschinski-Hildebrand term with a temperature-dependent reduced close-
packed density  
Conclusion reached:  
 The uncertainty ascribed to the viscosity surface is within ±2.5%, when based on experimental viscosity data or 
within ±4% in the remaining thermodynamic ranges of the MBWR equation of state apart from the lowest 
temperature.  
Comments: 
 This methodology used for propane could be adopted for hexadecane. 
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High Temperature-High Pressures. 32(1), 73-81 (2000) 
 
High-precision viscosity measurements on methane 
 
Authors: E. Vogel, J. Wilhelm, C. Kuchenmeister and M. Jaeschke 
 
Contribution to the development of viscosity correlations of alkanes: 
 High precision measurements have been obtained and included to the existing database for methane viscosity 
measurements 
 Provided a new viscometer (vibrating-wire viscometer ) to the list of  high-precision viscosity instruments  
Objectives of the paper: 
 To obtain high precision viscosity measurements of methane using the newly improved vibrating-wire viscometer 
 To provide a new viscosity surface correlation for methane based on the residual viscosity concept. 
Methodology used: 
 The zero density coefficients were represented by the kinetic theory of dilute monoatomic gases proposed by (Vogel 
et al., 1998) for application to polyatomic gases 
 Due to temperature limitations, the Rainwater-Friend theory of corresponding state was used to obtain the initial 
density dependence correlation 
 Higher density term was modeled with a combination of double polynomials in reduced density and in reduced 
reciprocal temperature and of a modified Batschinski-Hildebrand term with a temperature-dependent reduced close-
packed density  
Conclusion reached: 
 Zero-density viscosity term and higher density terms of residual viscosity of methane have deen developed using the 
newly measured data in combination with existing primary data. 
 The new viscosity representation for methane for the thermodynamic ranges studied has been developed and ascribed 
a uncertainty range of ±3%  
Comments: 
 The methodology used for the higher density representation could be used also for hexadecane.  
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Journal of Chemical Thermodynamics. 42, 700-706 (2010) 
 
Density and Speed of Sound Measurements of Hexadecane 
 
Authors: S. Outcalt, A. Laesecke, T. J. Fortin 
 
Contribution to the development of viscosity correlations of alkanes:  
 Provided new density measurements for hexadecane that extends the range of available compressed liquid data from 
T = (413 to 470) K.  
 Provided a modified form of the Tait equation which can now be used to obtain the density of hexadecane. 
 
Objectives of the paper:  
 To provide new experimental measurements at both ambient and high pressures for the density and speed of sound of 
hexadecane. 
 To develop correlations for both the density and speed of sound of hexadecane using the newly measured data. 
  
Methodology used: 
 The Rackett equation was used in correlating the new density data at ambient pressures obtained by (i) experimental 
measurements and (ii) values extrapolated to 0.083MPa from compressed density measurements. 
 The Tait equation was used to correlate the compressed liquid density data similar to that used by Dymond (1988) 
with the exception that the parameter “C” was treated as a temperature independent constant and given a value of 
0.08447. 
Conclusion reached:  
 The density and speed of sound at ambient pressure and compressed liquid densities of hexadecane have been 
successfully measured covering a temperature range of (290.65 - 470 K) with pressures up to 50MPa. 
 The ambient and compressed liquid density measurements were correlated within the experimental uncertainty of 
0.1%. 
Comments: 
 The density data used in this correlation was strictly those of hexadecane hence it is applicable for use in this study to 
obtain the density of hexadecane. 
 The quoted uncertainties are of high experimental accuracy and hence attractive to be applied for this study. 
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APPENDIX B – CRITICAL MILESTONES TABLE 
 
Table B-1: Milestones in the Development of a Viscosity Correlation for Hexadecane 
 
 
 
 
 
 
 
     References Year Title Authors Contributions 
 
Cambridge   
National  
Library (Book) 
1970 “The  Mathematical Theory of  
Non-Uniform Gases” 
 
S.Chapman,  
T.G.Cowling 
First to study the effect of density on 
viscosity 
 
First to employ the Chapman-Enskog 
theory to investigate properties of 
dilute gases in order to obtain the 
zero-density limit viscosity  
 
Chemical 
Physics Letter 
1984 “ Transport Properties of a Moderately  
   Dense Gas” 
 
D.G. Friend,  
J.C.Rainwater 
First to provide a method based on 
the kinetic gas theory to obtain the 
initial density dependence expressed 
as the second viscosity viral 
coefficient for mono-atomic gases 
 
International  
Journal of  
Thermophysics 
1992 “Correlation and Prediction of Dense Fluid 
Transport Coefficients I. n-Alkanes” 
 
M.J Assael,  
J.H. Dymond, 
M. Papadaki, 
P.M. Patterson 
Provided the most recent and 
significantly improved correlation of 
dense fluid n-alkanes viscosity 
coefficient data including hexadecane 
using the hard sphere theory 
International            
Journal of    
Thermophysics 
1994 “An Improved Representation for n-Alkane 
Liquid Density” 
M, J. Assael,  
J. H Dymond,  
D. Exadaktilou 
Provides a newly improved 
representation for the density of n-
alkanes including hexadecane and 
their mixtures, which covers an 
extended temperature and pressure 
range up to 500MPa  
High Pressures 
High  
Temperatures 
2000 “High-Precision Viscosity Measurements   
  on Methane”      
E. Vogel,  J. Wilhelm,   
C. Kuchenmeister, 
M. Jaeschke 
 
Provided the most recent list of high-
precision equipments for which their 
data can be classified as primary.  
 
Mc Graw Hill  
(Book) 
2004 “The Properties of Gases and Liquids” B. E. Poling, 
J. M Prausnitz, 
J. P. O’Connell 
Reviewed various estimation 
procedures used to obtain the 
properties (viscosity) of gases and 
liquids including viscosity 
Cambridge  
University Press 
 (Book) 
2005 “Transport Properties of fluids: Their 
correlation, prediction and estimation” 
J. Millat, 
J. H. Dymond,  
C. A. Nieto de Castro  
 
Provides an insight into theoretical 
background of correlation techniques 
for transport properties including 
viscosity  
 
Journal of 
Chemical 
thermodynamics 
2010 “Density and Speed of Sound 
Measurements of Hexadecane” 
S. Outcalt ,  
A. Laesecke,  
T. J. Fortin 
Provided new density measurements 
for hexadecane that extends the 
range of available compressed liquid 
data from T = (413 to 470 K). 
  
Provided a modified form of the Tait 
equation for use to obtain the density 
for hexadecane  
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APPENDIX C – DETAILS OF ALL THE AVAILABLE EXPERIMENTAL DATA FOR HEXADECANE VISCOSITY 
 
Table C-1: List of all the available viscosity data of Hexadecane 
 
References Year 
Measurement 
Technique 
Temperature 
(K) 
Pressure 
(MPa) 
Phase 
No. of 
Points 
Additional 
Information 
Zhdanov &      
Lyusternik 
1970 U 551.10 - 723.80 0.05 G 5 NA,U 
 Liessmann et al 1995 U 273 - 1200 0.10 G 928 NA, U 
Celda et al 1987 Modified Ubblohde Viscometer 293.15 0.10 L 1 A, N 
Masy & Cournil 1991 U 293.15 0.10 L 1 A, N 
Dandekar et al 1998 
Automatic Rolliing Ball 
Microviscometer 
293.15 0.10 L 1 A, Y 
Jagannathan et 
al 
1968 U 293.15 0.10 L 1 NA, U 
Ratkovics et al 1974 U 293.15 0.10 L 1 NA, U 
Bidlack & 
Anderson 
1964 Ostwald-Fenske Viscometer 298.15 0.10 L 1 A, Y 
Heric & Brewer 1967 Cannon-Fenske Viscometer 298.15 0.10 L 1 A, Y 
Coursey &  Heric 1989 
Cannon-Fenske ASTM 
Viscometer 
298.15 0.10 L 1 A, Y 
Awwad & Allos 1985 Suspended Ubblohde Viscometer 298.15 0.10 L 1 A, Y 
Awwad & 
Salman 
1986 Suspended Ubblohde Viscometer 298.15 0.10 L 1 A, Y 
Awwad et al 1986 Suspended Ubblohde Viscometer 298.15 0.10 L 1 A, Y 
de Lorenzi et al 1994 
Ubbelohde suspended-level 
capillary viscometer 
298.15 0.10 L 1 A, Y 
Aucejo et al 1995 Ubbelhode Viscometer 298.15 0.10 L 1 A, Y 
Fermeglia & 
Torriano 
1999 Suspended Ubblohde Viscometer 298.15 0.10 L 1 A, Y 
Lal et al 2000 
Modified Suspended Ubblohde 
Viscometer 
298.15 0.10 L 1 A, Y 
Awwad & 
Salman 
1987 U 298.15 0.10 L 1 NA, U 
Awwad et al 1988 Ubbelhode Viscometer 298.15 0.10 L 1 NA, U 
Mumford & 
Phillips 
1950 Ostwald Viscometer 293.15 – 298.15 0.10 L 2 A, Y 
Bak & Amdersen 1958 Ostwald Viscometer 293.17 – 303.15 0.10 L 2 A, N 
Dymond & 
Young 
1980 Suspended Level Viscometer 298.19 – 393.20 SAT L 10 A, Y 
Wakefield &              
Marsh 
1987 U-Tube Ostwald viscometer 318.16 - 338.16 0.10 L 3 A, Y 
Wakefield 1988 Standard U-tube Viscometer 303.16 - 308.16 0.10 L 2 A, Y 
Aralaguppi et al 1991 Cannon-Fenske Viscometer 298.15 - 308.15 0.10 L 3 A, Y 
Nakazawa et al 1992 Rotating type Viscometer 304.70 - 353.40 0.10 L 6 A, N 
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Table C-1 Cont’d. 
 
References Year 
Measurement 
Technique 
Temperature 
(K) 
Pressure 
(MPa) 
Phase 
No. of 
Points 
Additional 
Information 
Aminabhavi &  
Gopalkrishna 
1994 Cannon-Fenske  viscometer 298.15 – 313.15 0.10 L 3 A, Y 
Wu et al 1998 
Cannon - Ubbelohde Capillary 
viscometers 
293.15 – 313.15 0.10 L 4 A, Y 
Queimada et al 2003 Rolling ball viscometer 293.20  –  343.20 0.10 L 6 A, Y 
Mehra 2005 Ostwald’s Viscometer 298 – 318  0.10 L 3 A, y 
Dubey & Sharma 2008 Modified  Ubblohde Viscometer 298.15 – 308.15 0.10 L 3 A, Y 
Aguila-
Hernandez et al 
2008 Rolling ball viscometer 293.15 – 363.15 0.10 L 3 A, Y 
Evans 1938 U 293.15 – 363.15 0.10 L 6 NA, U 
Nederbragt &  
Boelhouwer 
1947 Ostwald viscometer 298.15 - 518.15 0.10 L 5 NA, U 
Nederbragt & 
Boelhouwer 
1947 Falling needle method 298.15 – 518.16 0.10 L 5 NA, U 
Sanin & 
Melenteva 
1959 Capillary Viscometer 294.15 – 373.15  0.10 L 6 NA, U 
Vargaftik 1972 U 293.15 - 513.15 0.10 L 16 NA, U 
Ratkovics et al 1974 U 293 - 343 0.10 L 6 NA, U 
Pugachevich & 
Khvorov 
1977 U 303.15 - 373.15 0.10 L 8 NA, U 
Scholz  & Kley 1981 U 293.15 - 373.15 0.10 L 45 NA, U 
Annesini et al 1982 U 293.15 - 523.15  0.10 L 24 NA, U 
Soliman 1987 U 293.15 - 343.15 0.10 L 10 NA, U 
Pugachevich et 
al 
1988 U 313.15 - 513.15 0.10 L 10 NA, U 
Raikar et al 1993 U 298.15 - 308.15 0.10 L 3 NA, U 
Liessmann et al 1995 U 303.15 - 603.15 0.10 L 11 NA, U 
(b) Dymond et al 1980 
Self -centering falling body 
Viscometer 
298.08 - 373.24 0.10 - 425.10 L 28 A, Y 
Ducoulombier et 
al 
1986 
Guided Falling Body 
Viscosmeters 
313.15 - 373.15 0.10 – 100.00 L 24 A, N 
Matthews et al 1987 
Standard Capillary Tube 
Viscometer 
325.15 - 564.15 1.44 - 3.45 L 10 A, Y 
Tanaka et al 1991 
Torsionally Vibrating Crystal 
Viscometer 
298.15 - 348.15 0.10 – 150.50 L 16 A, Y 
Rajagopal et al 2009 Electromagnetic Viscometer 318.15 - 413.15 6.90- 62.05 L 54 A, N 
(c) Ciotta 2010 Vibrating Wire Viscometer 298.36 – 473.54 1.01 -102.81 L 54 A, Y 
 
 
 
26  Development of a Viscosity Correlation for Hexadecane 
Table C-1 Cont’d. 
 
References Year 
Measurement 
Technique 
Temperature 
(K) 
Pressure 
(MPa) 
Phase 
No. of 
Points 
Additional 
Information 
Rolling & Vogt 1960 U 310.92 - 394.26 0.10 - 34.50 L 23 NA, U 
Rastorguev &      
Keramidi 
1972 Capillary Tube 335.95 -  531.95 0.10 -  49.00 L 18 NA, U 
Annesini et al 1982 U 303.15  - 413.15 0.10 - 245.20 L 54 NA, U 
 
(L)- Liquid phase;   (G)- Gaseous phase;   (SAT)- Saturation Press. ; (U)- Unknown;   (NA)- No Access 
 (Y)- Yes ;                  (N)- No 
Additional Information- (x ,  y) : x - access to paper? and y- experimental density available? 
Note: The (Outcalt et al., 2010) correlation was used to obtain the densities which were then used for the correlation in this study.   
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APPENDIX D – THE ZERO-DENSITY LIMIT VISCOSITY AND DENSITY CALCULATIONS 
 
 
D. 1) Method of Chung (Chung et al., 1988); estimation of low pressure gas viscosity 
 
From the Chapman-Enskog kinetic theory (Champan and Cowling, 1939) for the dilute gas viscosity, the first order solution is 
written as  
 
η=
(26.69)(𝑀𝑇)
1
2
𝜎2 Ω𝑣
 
(D-1) 
 
Eq. (D-2) was then obtained by Chung as 
 
η0 = 40.785 
Fc (MT)
1
2
Vc
2
3 Ωv (T∗)
 (D-2) 
where M is the Molecular weight of hexadecane given a value of 226.44116 g/mol (Wieser, 2006) and Vc  is the critical 
volume in (cm
3
/mol) defined as Eq. (E-4) and replacing 𝜌 with 𝜌c  
 
T*=1.2593Tr  (D-3) 
Tr is obtained using Eq. (6) 
 
Fc = 1 − 0.2756ω + 0.059035μr
4 + κ (D-4) 
 
The term (0.059035𝜇𝑟
4 + 𝜅)  in Eq.(D-4) is negligible for a non-polar compound like hexadecane and hence is not taken into 
account for this study 
 
ω =
ln (
Pc
1.01325) + f
(0)(Tbr)
f (1)(Tbr)
 (D-5) 
 
f (0) =
−5.97616(τ) + 1.29874(τ)1.5 − 0.60394(τ)2.5 − 1.06841(τ)5
Tbr
 (D-6) 
 
f (1) =
−5.03365(τ) + 1.11505(τ)1.5 − 5.41217 − 7.46628(τ)5
Tbr
 (D-7) 
 
𝜏 = 1 − Tbr 
(D-8) 
 
Tbr=Tb/Tc 
(D-9) 
 
μr=131.3 
μ
(VcTc)
1
2
  (D-10) 
 
Ωv (T*) is obtained from a correlation by (Neufeld et al., 1947) for a Lennard-Jones (12-6) fluid and is defined as 
 
Ω𝑣 (𝑇
∗) = Ω2,2 (𝑇
∗) =  [𝐴 (𝑇∗)−𝐵] + 𝐶[𝑒𝑥𝑝(−𝐷𝑇∗)] + 𝐸[𝑒𝑥𝑝(−𝐹𝑇∗)] + 𝑅𝑇∗𝐵𝑠𝑖𝑛(𝑆𝑇∗𝑊 − 𝑃) (D-11 ) 
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Ωv (T
∗) = Ω2,2 (T
∗) =  [A (T∗)−B] + C[exp(−DT∗)] + E[exp(−FT∗)] (D-12 ) 
 
                                                     Table D-1: Coefficients for Eq.(D-12)  
 
Letters Values 
A 1.16145 
B 0.14874 
C 0.52487 
D 0.77320 
E 2.16178 
F 2.43787 
 
Eq.(D-12) has been used instead of Eq. (D-11) to calculate Ωv (T
∗) as it is applicable for 0.3 ≤ T* ≤ 100 (Poling et al., 2001) 
 
 
D.2)  Method of Lucas (Lucas, 1980 & 1984); estimation of low pressure gas viscosity 
 
Using the principle of corresponding states, Lucas modified Eq. (D-1) and obtained 
 
η0 =
ηr
ξ
= f(Tr) ( D-13)  
where 
 
ηr = [0.807Tr
0.618 − 0.357 exp(−0.449Tr) + 0.340 exp(−4.058Tr) + 0.018]F
O
pF
O
Q (D-14) 
 
Tr is obtained using Eq.(6) and the terms 𝐹
𝑂
𝑝𝐹
𝑂
𝑄 are correction factors to account for polarity or quantum effects. 
FOp=1  for hexadecane as 0 ≤ 𝜇r  ≤ 0.022 where 
 
μr=52.46 
μ2Pc
Tc
2
 (D-15) 
 
where the dimensionless dipole moment (𝜇) in Eq. (D-15) is zero for hexadecane. 𝐹𝑂𝑄 is assigned a value of 1 in Eq. 
 (D-14) as it is used for only quantum gases like He, H2 and D2. 
 
ξ=0.176 (
Tc
M3PC
4
)
1
6
 (D-16) 
where we use the value of Pc in Eq. (D-15) as 14.32 bars for hexadecane (Lemmon and Goodwin (2000)).  
 
  
D.3)  Method of Riesco (Riesco and Vesovic, 2012) ; estimation of low pressure gas viscosity 
 
With slight modification to the Chapman-Enskog Eq.(D-1) above, Eq.(D-17) is defined thus 
η0=0.026696
(MT)
1
2
σ2 Ω(𝑇∗)
 
(D-17) 
 
where M=226.44116 g/mol 
 
Ω (T*) is obtained from the Rostock Universal correlation by Bich et al. (1987) for noble gases and is defined as 
Ω(𝑇∗) = Ωη(𝑇
∗) = 𝑒𝑥𝑝[𝑎0 + 𝑎1(𝑙𝑛𝑇
∗) + 𝑎2(𝑙𝑛𝑇
∗)2 +  𝑎3(𝑙𝑛𝑇
∗)3 + 𝑎4(𝑙𝑛𝑇
∗)4] (D-18) 
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T*=
𝑇
ε 
 (D-19) 
Table D-2: Coefficients for Eq.(D-18) 
 
Letters Values 
a0 0.4425728 
a1 -0.5138403 
a2 0.1547566 
a3 -0.02821844 
a4 0.001578286 
 
A correlation for 𝜎 and 𝜀 was developed for n-alkanes and obtained as 
 
σ=0.3735* √1+
Nc-1
3
 (D-20) 
 
ε =148.3 + 142 * (ln Nc) (D-21) 
 
 
D.4)  Density correlation (Assael et al., 1994) for n-alkanes  
 
Re –arranging the Tait Equation gives 
 
ρ =
ρ0
1 −  C log [ 
B +  P
 B + P0
 ]
 
(D-22) 
where 𝜌 and 𝜌0 are the liquid densities at the pressures P and Po respectively, and B and C are parameters. Po is taken as 
equal to the atmospheric pressure (0.101MPa) while 𝜌0, the corresponding atmospheric-pressure density was correlated  
by (Cibulka, 1993) and defined as Eq.(D-23)  
 
ρ0 =  ρc  {1 +  ∑ ai(1 − Tr)
i/3
3
i=1
} (D-23) 
Tr is defined as Eq.(6)  
 
For hexadecane (C16H34), the parameters B and D in Eq. (D-22) are defined as  
 
B = 331.2083 − 713.86Tr + 401.61Tr
2 − D (D-24) 
 
D = 0.8 (Cn − 7) (D-25) 
where Cn is the carbon number of hexadecane, a value of 16; the value of  𝜌𝑐 and Tc as used in this correlation are summarized 
in Table (D-3) together with other parameters 
  
Table D-3: Coefficients and Critical properties used in Eq. D-23 
 
Parameters 𝜌c (kg /m3) Tc (K) C a1 a2 a3 
Values 241 722 0.2 2.613058 -1.999638 2.400114 
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APPENDIX E – HARD-SPHERE VISCOSITY AND OTHER ATTEMPTED VISCOSITY CORRELATIONS  
 
E.1) Viscosity Correlation for liquid alkanes based on the Hard-Sphere Theory (Assael et al., 1992) 
 
The expression to calculate the viscosity as correlated by Dymond-Assael was re-arranged from Eq.(E-2) and (E-3) as   
 
η =
η∗
exp
  x (MRT)1/2
6.035 x 108 x  V2/3
 (E-1) 
 
The universal curve expressed as a function of reduced volume, Vr  , is written as 
 
log (
η∗
exp
Rη
) = ∑ aηi
7
I=0
(1/Vr)
i (E-2) 
The value of the reduced smooth hard-sphere viscosity coefficient (η∗) calculated from experiment after substitution  
of the hard-sphere expressions is given by 
 
η∗ =
η∗
exp
Rη
= 6. 035 x 108 [
1
MRT
]
1/2 η V2/3
Rη
 (E-3) 
 
where R is the molar gas constant = 8.314472 J/mol/k (Mohr et al., 2008) and V is the molar volume in m
3
/mol expressed as  
 
𝑉 = 𝑀/ρ (E-4) 
 
M is the molecular weight and has a unit of kg/mol and Vr is defined as Vr = V/V0 
 
The value of the closed packed volume ( V0) for hexadecane as obtained from the fitting of the experimental data by Dymond-
Assael is defined as  
 
106V0 = 117.874 + 0.15(−1)
Cn − 0.25275T + 0.00548T2 
                 −0.0000004246T3 + (Cn − 6)(1.27 − 0.0009T)(13.27 − 0.025Cn)   
(E-5) 
 
The factor (Rη ) which accounts for the effects of non-spherical molecular shape were fitted as  
 
Rη = 0.995 − 0.0008944Cn + 0.005427Cn
2 (E-6) 
The coefficients aηi of Eq.(E-2) are summarized below 
 
Table E-1: Coefficients for Eq. E-2 
 
i 𝒂𝜼𝒊 
0 1.0945 
1 -9.26324 
2 71.0385 
3 -301.9012 
4 797.6900 
5 -1221.9770 
6 987.5574 
7 -319.4636 
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E.2)  Different attempts for the Higher Density Viscosity Correlation: using only the four preliminary primary data set. 
 
η
0
 in Eq.(E-7) : Eq.(E-8) : Eq.(E-9) , Eq.(E-11), and Eq.(E-17)  has been correlated using Eq. (5).  
 
 
Method (a)- A Polynomial correlation with lower powers of density  
 
η (ρ, T) =  η
0
+  ∑ ∑ eij
2
j=0
7
i=1
 ρr
i
Tr
j
 
(E-7) 
 
Table E-2: Coefficients for Eq. E-7 
 
j 𝐞𝟏𝐣 𝐞𝟐𝐣 𝐞𝟑𝐣 𝐞𝟒𝐣 𝐞𝟓𝐣 𝐞𝟔𝐣 𝐞𝟕𝐣 
0 -13400.78878 21044.39350 -13249.04899 4182.426201 -662.3028099 42.10173317 0 
1 17789.37698 -26511.58775 15444.02584 -4270.505845 499.0711889 0 -3.254741765 
2 -8637.3582587 13377.23718 -8286.064920 2567.169744 -398.0072121 24.71399226 0 
 
 
 
Method (b)- An Exponential correlation with lower powers of density  
 
η (ρ, T) =  η
0
 exp ∑ ∑ eij
2
j=0
6
i=1
 ρr
i
Tr
j
 (E-8) 
 
Table E-3: Coefficients for Eq. E-8 
 
j 𝐞𝟏𝐣 𝐞𝟐𝐣 𝐞𝟑𝐣 𝐞𝟒𝐣 𝐞𝟓𝐣 𝐞𝟔𝐣 
0 -536.58919 939.34723 -640.99818 214.58222 -35.370227 2.3028691 
1 0.3788190 0 0 0 0 0 
2 -156.58489 184.83042 -81.617627 15.979143 -1.1699535 0 
 
 
 
Method (c)- The Reduced closed-packed density correlation lower powers of density  
 
η (ρ, T) =  η
0
+ ∑ ∑ αij
2
𝑗=0
1
𝑖=1
δi
τj
+ c1δ (
1
δ0 − δ
−
1
δ0
) (E-9) 
where τ is the reduced temperature obtained using Eq.(6) and δ is the reduced density obtained using Eq.(12) 
 
The reduced closed packed density term (δ0) is expressed as 
 
δ0 = 𝑔1(1 + 𝑔2√τ) (E-10) 
where 𝑔1 and 𝑔2 are fitted parameters.  
 
***In this study, we assumed δ0 be a constant rather than as temperature dependent term as indicated in Eq.(E-10) 
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Table E-4: Coefficients for Eq. E-9 
 
j 𝛂𝟏𝐣 
0 1.1522 
1 -1.5712 
2 0.4976 
c1 0.2323 
δ0 3.8852 
 
 
Method (d) - A Polynomial correlation lower powers of density with interpolated viscosity data in the two-phase region 
        
 
η (ρ, T) =  η
0
+  ∑ ∑ eij
2
j=0
5
i=1
 ρr
i
Tr
j
 
(E-11) 
 
Table E-5: Coefficients for Eq. E-11 
 
j 𝐞𝟏𝐣 𝐞𝟐𝐣 𝐞𝟑𝐣 𝐞𝟒𝐣 𝐞𝟓𝐣 
0 4910.68580 -5870.75951 2628.50182 -522.535966 38.9265384 
1 -7525.87601 9045.00475 -4072.35222 814.342128 -61.0419548 
2 2823.51090 -3406.86464 1540.24260 -309.343598 23.2953215 
 
 
E.3)  Derivation and Application of the power of density term, β 
For each isotherm, we define  
 
η = η0 + θρ
β (E-12) 
 
η′ = η0 + θρ
′β  (E-13) 
where 𝛽 is the power of density, 𝜃 is the fitting parameter, 𝜂0 is the zero-density limit viscosity determined from  
Eq. (5), 𝜂 and 𝜌 are the higher values of viscosity and density respectively while  𝜂′ and 𝜌′ are the lower values.  
 
Taking the natural logarithm of Eq.(E-12) and Eq.(E-13) 
 
ln(η − η0) = ln θ + β ln ρ (E-14) 
 
ln(η′ − η0) = ln θ + β ln ρ
′ (E-15) 
 
Substracting Eq.(E-15) from Eq.(E-14) 
 
ln(η − η0) − ln(η
′ − η0) = β ln ρ − β ln ρ
′ (E-16) 
Rearranging Eq.(E-16) and cancelling out η0 since it is a minimal value compared to η and η
′, we arrive at 
 
β =
ln (
η
η′)
ln (
ρ
ρ′)
  
 
 
Ilustrating the use of Eq.(16) for three isotherms, we have 
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Table E-6: The Powers of density (β) as obtained using the Eq.(16) 
    
Temp (K) Author (Ref) Variables Values 𝛃 
298.15 
Tanaka et al., 
1991 
η 4.463 
17 
η′ 3.061 
ρ 787.7892 
ρ′ 770.1499 
373.24 
Dymond et al., 
1980 
η 4.631 
12 
η′ 0.895 
ρ 818.7316 
ρ′ 717.4764 
473.54 
Ciotta  
2010 
η 0.924 
7 
η′ 0.359 
ρ 737.11850 
ρ′ 646.54830 
 
The authors in Table E-6 were chosen because they measured up to five viscosity data points per isotherm unlike the data of 
(Matthews et al., 1987) having only two data points per isotherm. Regardless of the author from which the data is chosen , the 
value of β still falls within the β range of 7-17  
 
 
Method (e) - A Polynomial correlation with higher powers of density 
 
η (ρ, T) =  η
0
+  ∑ ∑ eij
4
j=0
16
i=14
 ρr
i
Tr
j
 
(E-17) 
 
Table E-7: Coefficients for Eq. E-17 
 
j 𝐞𝟏𝟒𝐣 𝐞𝟏𝟓𝐣 𝐞𝟏𝟔𝐣 
0 1.67144231 x 10
-4
 -9.98694526 x 10
-5
 1.50513808 x 10
-5
 
1 -3.48766691 x 10
-4
 2.06456229 x 10
-4
 -3.08360116 x 10
-5
 
2 2.82622045 x 10
-4
 -1.65642366 x 10
-4
 2.44935396 x 10
-5
 
3 -1.04105222 x 10
-4
 6.04759355 x 10
-5
 -8.85913664 x 10
-6
 
4 1.46484737 x 10
-5
 -8.44807558 x 10
-6
 1.22773718 x 10
-6
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APPENDIX F – DENSITY AND VISCOSITY PLOTS 
 
 
F.1)  Plots of Density and Viscosity illustrating important findings in this study 
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Figure F-1- Zhdanov and Lusternik (1971) measured viscosity 
versus temperature: indicating the outlier excluded from the 
zero-density limit correlation 
Figure F-3 – Illustrating the selection of preliminary 
primary data sets using the hard-sphere viscosity 
correlation as reference at 298 K: data sets showing 
agreement within the 3% threshold  
Figure F-4 – Illustrating the selection of preliminary primary 
data sets using the hard-sphere viscosity correlation as 
reference at 323 K : data sets showing agreement within a 
threshold of 3% and (ii) result showing the (Ciotta, 2010) 
outlier excluded from the final fitting 
 
Figure F-2 – Comparing the Assael et al. (1994) and Outcalt 
et al. (2010) density correlations using the data of Ciotta et 
al. (2010): Larger deviations observed using Assael’s. 
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As revealed in Figure F-7, the viscosity at lower densities are essentially zero using the exponential approach -Method (b) 
where as there is a smooth increase in the viscosity using the correlation of this study. 
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Figure F-5 – Plot showing negative interpolation using the   
correlation of Method (a) at 298.15 K and densities up to 
1000 kg/m3  
Figure F-6 – Plot showing an erratic interpolation using 
the correlation of Method (d) at 298.15 K and densities up 
to 1000kg/m3  
Figure F-7 – Plot showing the interpolation potential of both the 
exponential correlation - (Method (b)) and the correlation of this study at 
298.15 K and densities up to 1000kg/m3  
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F.2 List of Other Nomenclature 
 
Symbol Definition    Unit 
 
M  Molecular weight    g/mol 
𝛈∗  Reduced smooth hard sphere viscosity  - 
  Coefficient    - 
𝛈𝐫  Dimensionless viscosity   - 
𝐏  Pressure     MPa 
𝐏𝐜  Critical pressure    bars 
𝐕  Molar volume    m3/mol 
𝐕𝟎  Close-packed Volume   m
3
/mol - 
𝐕𝐫  Reduced Volume    - 
𝐍𝐜  Carbon number    - 
𝐂𝐧  Carbon number    - 
𝐑  Molar gas constant   J/mol/K 
𝐓∗  Reduced temperature   - 
aηi  Coefficients used in Eq.(E-2)  - 
𝛔  Collision diameter   nm 
𝛆  Minimum of the pair potential energy K 
𝛏  Reduced inverse viscosity   (𝜇P)-1 
𝝎  Accentric factor    - 
𝐓𝐛  Atmospheric boiling temperature  K 
𝐓𝐛𝐫  Reduced atmospheric boiling temperature - 
𝛍  Dipole moment    debyes 
𝛍𝐫  Dimensionless dipole moment  - 
𝛋  Polar correction factor   - 
𝛅  Reduced density    - 
𝛅𝟎  Reduced close-packed density  - 
𝐑𝛈  Proportionality factor   - 
𝐅𝐜  Polarity and Molecular shape factor -  - 
𝝉  1- Tbr     - 
𝐅𝐎𝐩  Polarity effect factor   - 
𝐅𝐎𝐐  Quantum effect factor   - 
Ω𝐯   Viscosity Collision Integral  - 
 
 
 
 
 
 
 
        
 
